Fanburg BL. JNK regulates serotoninmediated proliferation and migration of pulmonary artery smooth muscle cells.
cell migration; serotonin signaling SEROTONIN (5-hydroxytryptamine; 5-HT) has long been recognized to be one of the most potent naturally occurring pulmonary vasoconstrictors (5, 24) . 5-HT also has been found to be a smooth muscle cell (SMC) mitogen in recent years (8) . It was first implicated in the pathogenesis of pulmonary arterial hypertension (PAH) after an outbreak of the disease in Switzerland in the 1960s among patients taking aminorex fumarate, an appetite suppressant that inhibits serotonin uptake by platelets (5, 9) . Since then, there have been many studies exploring the roles of serotonin in PAH (5, 6, 8, 21) . We have previously demonstrated that ERK1/ERK2 MAPK (15) , Rho/Rho kinase (ROCK; Ref. 20) , and phosphatidylinositol 3-kinase (PI3K)-Akt pathways (18, 19) play important parallel roles in 5-HT-induced SMC proliferation and migration.
The MAPK family is evolutionarily conserved, and all eukaryotic cells possess multiple MAPK pathways. The MAPK family can be subdivided into three major groups: ERK, p38, and JNK (4, 12) . JNK is activated by multiple growth factors and cytokines, such as EGF, PDGF, TGF-␤, and TNF, in addition to cellular stress (4, 12) . There is increasing evidence that MAPKs are in a central position for cell proliferation and migration.
JNK has frequently been suggested to have essential roles in inflammation, differentiation, and apoptosis (3, 11) . Moreover, there are accumulating data indicating a role for JNK in cell migration and proliferation (1, 4, 10, 12, 13, 16, 28) . However, the role of JNK in 5-HT-induced SMC proliferation and migration and the molecular mechanisms by which JNK mediates these functions have not been described previously.
In the present study, we have identified for the first time that JNK plays an important role in pulmonary artery proliferative and migratory responses to 5-HT. Specifically, JNK is instrumental in SMCs proliferation and migration and in the activation of Akt, a function not shared with ERK and p38 MAPKs. The activation of JNK in this case appears to occur via combined actions by 5-HT on 5-HT 1B/1D and 2A/2B receptors, but not the 5-HT transporter (5-HTT), and is unrelated to the action of 5-HT on PI3K.
MATERIALS AND METHODS
Reagents. RPMI 1640 medium was purchased from GIBCO Laboratories (Grand Island, NY). FBS, 5-HT, paroxetine, imipramine, SB-215505, and ketanserin were purchased from Sigma Chemical (St. Louis, MO). GR-55562, GR-127935, and mianserin were purchased from Tocris (Ellisville, MO). U-0126, SP-600125, SB-203580, LY-294002, and wortmannin were purchased from Calbiochem (EMD Chemicals, Gibbstown, NJ). Antibodies to Akt, cyclin D1, and tubulin were from Santa Cruz Biotechnology (San Diego, CA). Rabbit polyclonal antibodies to phosphorylated (phospho-) JNK (Thr183/Tyr185), JNK, phospho-p44/42 MAPK (ERK1/ERK2; Thr202/ Tyr204), phospho-p38 MAPK, phospho-Akt (Ser473), phospho-S6, phospho-p70S6, and p70S6 were from Cell Signaling Technology (Danvers, MA). Pierce nuclear and cytoplasmic extraction kits were purchased from Thermo Fisher Scientific (Pittsburgh, PA). Adenoviral constructs Ad-DN-JNK (dominant-negative type) and Ad vector (control) were from Dr. Hideaki Kaneto (Osaka University, Osaka, Japan).
Cell culture. Bovine pulmonary artery SMCs were isolated from calf pulmonary arteries using a modification of the method of Ross as previously described (22, 23) and were cultured in RPMI 1640 medium supplemented with 10% FBS. Cells from passages 3 to 12 were used for the experiments.
[ 3 H]thymidine incorporation assay. SMCs seeded in 96-well plates were growth-arrested for 72 h in serum-free medium. Cells were incubated with and without 1 mol/l 5-HT in the same medium for 20 h and then labeled with [methyl-
3 H]thymidine (20 Ci/ml) for 4 h. In some experiments, inhibitors were added 60 min before the 5-HT. DMSO (0.1%) was added to the vehicle control group. After labeling, experiments were terminated by aspiration of medium, and the cells were harvested onto 96-well microplate filter paper using a Tomtec harvester (Tomtec, Hamden, CT). Radioactivity was countered in a TriLux liquid scintillation and luminescence counter (PerkinElmer Life Sciences, Boston, MA).
Wound healing assay. Cell migration was assessed in a wound healing assay. Wounds were made by scraping through the cell monolayer with a sterile 1-ml pipette tip. Three wounds were made in a plate. SMCs were starved with serum-free RPMI 1640 medium for 24 h and then preincubated with 5 mol/l SP-600125 for 60 min before treatment with 10 mol/l 5-HT. At 20 h after wounding, phase-contrast images at 3 wound sites along the wounding scratch were examined and photographed by Nikon phase-contrast microscopy at 100-fold magnification. The width of the wounding gap was measured on the photographs. Triplicate results were obtained in 3 separate experiments.
Immunoprecipitation. Cell lysates were precleared with protein A-agarose and/or protein G-agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA), incubated with specific antibodies at 4°C for 2 h or overnight and immunoprecipitated with protein A-agarose and/or protein G-agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C for another 2 h with constant rotation.
Adenoviral infection of SMCs. Subconfluent bovine pulmonary artery SMCs were infected with adenoviruses at a multiplicity of infection of 10 in complete medium 24 h before starvation, when the virus-containing medium was replaced by serum-free medium and incubated overnight. Under optimal conditions, ϳ80% of the cells were infected as determined by green fluorescent protein autofluorescence.
Preparation of cell nuclear extract. Growth-arrested SMCs were treated with 5-HT for indicated times, and nuclear extracts from cells were prepared with NE-PER nuclear and cytoplasmic extraction kits according to the manufacturer's protocol (Pierce, Rockford, IL). Cells were collected by scraping them from a p60 plate into a 1.5-ml tube, which was centrifuged at 500 g for 5 min. The supernatant was removed, and 100 l of ice-cold cytoplasmic extraction reagent (CER) I with protease and phosphatase inhibitors was added to the cell pellet. The mixture was vortexed vigorously for 15 s and incubated on ice for 10 min. Ice-cold CER II (5.5 l) was added, and the mixture was again vortexed for 5 s before centrifuging at 4°C at full speed (ϳ16,000 g) for 5 min. The supernatant (cytoplasmic extract) fraction was transferred to a clean tube, and the pellet was washed with ice-cold PBS once. Ice-cold NER with protease and phosphatase inhibitors (50 l) was added to the pellet, and the mixture was vortexed vigorously for 40 min in the cold-room. The tube was then centrifuged at 4°C at full speed (ϳ16,000 g) for 10 min, and the supernatant (nuclear extract) was transferred to a clean tube. All extracts were stored at Ϫ80°C.
Western blotting. Cells were lysed in a modified RIPA buffer [50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5% (wt/vol) sodium deoxycholate, 0.1% SDS, 0.2 mM phenylmethylsulfonyl fluoride, leupeptin (5 g/ml), aprotinin (5 g/ml), and 1 mM Na 3VO4]. Cell nuclei were removed from lysates by centrifugation for 10 min, and the cell lysates were normalized for protein concentrations by using Bradford reagent (Bio-Rad, Hercules, CA). The lysate (30 g) was resolved by SDS-PAGE (10%) and transferred onto a PVDF membrane. The membrane was blocked with 5% fat-free milk in PBST with 0.1% (vol/vol) Tween 20 for 1 h at room temperature and then incubated with a primary antibody in 1:1,000 dilution at 4°C overnight. The membrane was then washed three times in PBST and incubated for 1 h at room temperature with horseradish peroxidaseconjugated secondary antibody in 1:3,000 or 1:5,000 dilution (BioRad), followed by ECL detection (Thermo Fisher Scientific). Densitometry measurements were performed with the software UN-SCAN-IT from Silk Scientific (Orem, UT). Fold changes were expressed in relation to the control.
Immunocytochemistry. The growth-arrested SMCs were treated with 5-HT for indicated times. Cells were washed with PBS and fixed with 4% formaldehyde at room temperature for 10 min and then permeabilized with PBS-Triton X-100 (0.4%) for 10 min. Cells were washed with PBS, blocked with 5% goat serum in 1% BSA/PBS for 20 min, and then incubated with primary antibody in the dilution of 1:100 at 4°C overnight. Cells were then washed with PBS and incubated with FITC-conjugated secondary antibody in the dilution of 1:100 for 2 h at room temperature. Cells were washed with PBS, and coverslips were mounted in Citifluor and sealed with nail polish.
Statistical analysis. Means Ϯ SD were calculated, and statistically significant differences between groups were determined by one-way ANOVA followed by Tukey post hoc comparisons. An effect was considered significant at P Ͻ 0.05. Fig. 1A , JNK was activated as early as 1 min after 5-HT stimulation as evidenced by the phosphorylation of JNK at Thr183 and Tyr185 sites. The stimulation peaked at 10 min and returned to basal level at 30 min. As shown in Fig. 1A , 5-HT also activated ERK, p38 MAPK, and Akt. Activation of JNK by 5-HT resulted in its import into the cellular nucleus (Fig. 1B) . The absence of the protein RhoA served to control the purity of the nuclear fraction, and ROCK was used as a loading control. Immunocytochemistry was also performed to show the nuclear translocation of phospho-JNK by 5-HT stimulation (Fig. 1C) . JNK activity was inhibited by SP-600125 at 1 or 5 M, a dose showing no effect on ERK and p38 MAPKs (Fig. 1D) .
RESULTS

JNK is activated by 5-HT in pulmonary artery
JNK activation by 5-HT leads to SMC proliferation and migration. To determine whether the 5-HT-induced activation of JNK is involved in 5-HT-stimulated SMC growth, SMCs were pretreated with the specific JNK inhibitor SP-600125 (a competitive ATP inhibitor selective for JNK) for 60 min before stimulation with 5-HT. As shown in Fig. 2A , 5-HT-stimulated proliferation of SMCs was significantly suppressed with SP-600125. To exclude possible nonspecific inhibition by the chemical inhibitor, SMCs were also infected with a DN-JNK and then stimulated with 5-HT. As shown in Fig. 2B , DN-JNK also significantly blocked 5-HT-induced proliferation of SMCs, further confirming the function of JNK in regulating 5-HTstimulated SMCs growth. Cyclin D1 is an important regulator of cell proliferation, and our (20) previous studies have shown that 5-HT upregulates cyclin D1 in SMCs. As shown in Fig.  2C , the JNK inhibitor SP-600125 blocked 5-HT-induced upregulation of cyclin D1 in the SMCs. A similar inhibitory effect on 5-HT-induced SMC migration as detected by a wound healing assay was observed with inhibition of JNK (Fig. 2D) . Taken together, these data strongly support the concept that activation of JNK is an intermediate step in the mediation of proliferation and migration of pulmonary artery SMCs by 5-HT.
Activation of JNK by 5-HT is PI3K-independent.
It has been reported that JNK is an important cell signaling component downstream of PI3K in PDGF-induced cell migration (1) . To explore the mechanisms that mediate JNK activation by 5-HT, PI3K inhibitors, LY-294002 and wortmannin, were tested in the pulmonary artery SMCs. As shown in Fig. 3 , both LY-294002 and wortmannin had little or no effect on 5-HTinduced JNK phosphorylation at Thr183 and Tyr185 but blocked 5-HT-induced Akt activation, confirming its effectiveness in inhibiting the PI3K pathway. As we (18) Regulation of the Akt pathway by JNK in 5-HT-stimulated bovine pulmonary artery SMCs. Since we (15, 18, 20) have previously identified the importance of the ERK and Akt pathways in 5-HT-induced pulmonary artery SMC proliferation, we next undertook a series of studies to determine whether activation of the Akt pathway by 5-HT might be under the regulation of a MAPK. We knew from our (18) previous studies that the Akt pathway is not under regulation by ERK, and this was further confirmed in Fig. 5A . To our surprise, we found that JNK but not ERK or p38 MAPK was instrumental in the activation of Akt by 5-HT. Inhibition of JNK by its Fig. 3 . Activation of JNK MAPK by 5-HT is independent of phosphatidylinositol 3-kinase (PI3K). Pulmonary artery SMCs were starved for 24 h and then pretreated with PI3K inhibitors LY-294002 (LY; 10 M) and wortmannin (Wort; 1 M) for 60 min before 1 M 5-HT stimulation for 10 min. Total cell lysates in RIPA buffer were resolved using PAGE and transferred to PVDF membrane and probed with antibodies to p-JNK, p-ERK, p-p38 MAPK, p-Akt, and tubulin as a loading protein. specific inhibitor SP-600125 resulted in decreased phosphorylation of Akt and its downstream effectors p70S6K1 and S6 (Fig. 5A) . Infection of bovine pulmonary artery SMCs with adenovirus carrying DN-JNK further confirmed the findings with the pharmacological inhibitor (Fig. 5B) .
We next explored how JNK regulates Akt on 5-HT stimulation. Coimmunoprecipitation experiments revealed that JNK could directly bind with Akt, and this binding was increased by 5-HT stimulation and blocked by the JNK inhibitor SP-600125 (Fig. 5C) , further supporting the interaction of JNK and Akt in 5-HT-stimulated pulmonary artery SMCs. These data suggest that JNK may regulate pulmonary artery SMCs proliferation and migration via Akt and provide evidence that the MAPK pathway cross talks with the PI3K-Akt pathway at JNK-Akt. 
DISCUSSION
We have demonstrated in this study that 5-HT stimulates the activation of JNK MAPK as well as other MAPKs in pulmonary artery SMCs and that the activation of JNK contributes to 5-HT-induced SMC proliferation and migration. Although JNK is usually suggested to have essential roles in inflammation, differentiation, and apoptosis, recent studies have shown that JNK is also involved in regulating cell proliferation and migration (7, 14, 27) , which is consistent with our present observations. In our study, we found that inhibition of JNK could block the 5-HT-induced upregulation of cyclin D1, suggesting that JNK may regulate cell proliferation by controlling cell cycle. We have found multiple signaling pathways, including ERK MAPK (15) , ROCK (20) , PI3K-Akt pathways (18, 19) , and now the JNK pathway, to be activated by 5-HT and involved in 5-HT-induced SMC proliferation and migration. Although these pathways function in parallel, they also integrate or cross talk with each other as demonstrated by the JNK-Akt interaction noted in our present study.
Our studies show that activation of JNK by 5-HT leads to activation of Akt, a previously established pathway in SMC proliferation (18) . To the best of our knowledge, this is the first report to associate JNK with Akt activation in 5-HT stimulation. There is one previous report that shows activation of Akt via JNK in cardiomyocyte survival after hypoxic injury (25) . Therefore, the results of this study reveal a new mechanism by which 5-HT may regulate SMC proliferation and migration by linking a MAP kinase pathway and the PI3K pathway. Furthermore, JNK plays a unique role in activation of Akt, as inhibitors of ERK and p38 MAPKs had no or little effect on this activation of Akt by 5-HT. The activation of JNK MAPK does not occur through PI3K, unlike the activation of the Akt pathway discussed in our (18) previous paper. Hence, there is more than one pathway for the activation of Akt in these cells. The PI3K-independent JNK pathway is a novel pathway that regulates Akt activity in pulmonary artery SMCs on 5-HT stimulation. We also observed the direct interaction of JNK and Akt, and this interaction was blocked by inhibition of JNK activity (Fig. 5C ). This provides direct evidence that JNK regulates Akt. We (17) also have previously found that activation of PLD by 5-HT occurs through the 5-HT 2A receptor and, like JNK, requires a mechanism that is PI3K-independent. We do not presently know whether the JNK pathway might participate in the activation of PLD by 5-HT.
The activation of JNK appears to occur via 5-HT 2A/2B and 1B/1D receptors and is independent of 5-HTT. The only other previous report, to our knowledge, of the activation of JNK by 5-HT is that of Turner et al. (26) where the authors showed that activation of JNK in Chinese hamster ovary fibroblasts induced apoptosis. In contrast to this finding, our studies show that activation of JNK by 5-HT results in enhanced proliferation and migration of pulmonary artery SMCs. Banes et al. (2) have previously reported an inability of 5-HT to activate either JNK or p38 MAPKs in rat aortic vascular SMCs. This result may be due to species or source differences in the cells.
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